Deca-dodecasil 3R (DDR) was synthesized hydrothermally from essential reagents, i.e., silica source (fumed silica), water, and 1-adamantanamine, without employing seed particles or any special treatments, such as microwave or ultrasonic irradiation. The variations in synthesis time, size, and morphology of DDR particles with reagent composition, fluorine addition, and hydrothermal temperature were examined. At 160°C DDR was synthesized in 1520 d. Rhombohedral, star-like, and hexagonal plate-like particles were obtained and their crystallographic orientations were determined. The morphology changes in this order are caused by twinning and suppression of growth along the [0001] direction, and simultaneous increase in the average particle size is attributed to the suppression of nucleation. Similar morphology changes were also caused by adding F ¹ ions to the precursor mixture or increasing hydrothermal temperature. An increase in hydrothermal temperature to 200°C enabled a reduction of synthesis time in 5 d whereas the average particle size increased and hexagonal plate-like particles were formed dominantly. The rhombohedral particles synthesized at 160°C exhibited the largest micropore volume. The smaller micropore volumes for the hexagonal plate-like particles synthesized at 180 and 200°C are probably due to twinning and resultant narrowing and disruption of the microporous channels. In all samples high-resolution nitrogen adsorption isotherms exhibited two adsorption steps at relative pressures of ³3 © 10 ¹6 and ³0.03, respectively attributed to the initial adsorption in micropores and the densification of adsorbates in micropores.
Introduction
Deca-dodecasil 3R (DDR) is an all-silica zeolite prepared by hydrothermal method typically using 1-adamantanamine as the organic structure-directing agent (SDA).
1)33) Figure 1 shows the crystal structure of DDR.
1), 34) The SiO framework of DDR consists of corner-shared SiO 4 tetrahedra and contains n-membered (SiO) n rings with n = 4, 5, 6, and 8. These (SiO) n rings form polyhedral cages, including decahedra [4 3 5 6 6 1 ] and dodecahedra [5 12 ], where the superscripts indicate the number of relevant n-membered rings in each cage. The dodecahedral [5 12 ] cages are hexagonally packed to form layers parallel to the {0001} planes. These layers are bonded together by pillars, each composed of two decahedral [ 3 ] cages, which are connected via the 8-membered rings to form two-dimensional microporous channels parallel to the {0001} planes. The 8-membered rings are nearly parallel to the {10 11} planes ({100} planes in the rhombohedral lattice). The threshold kinetic diameter of molecules able to pass through the 8-membered rings is ³0.350.36 nm. 4 ),10), 14) Thus, the micropores in DDR are used to separate CO 2 (kinetic diameter 0.33 nm) and saturated hydrocarbons (0.38 nm for CH 4 ) 10),13), 14) or N 2 (0.36 nm) 33) and eliminate H 2 O (0.27 nm) from alcohols. 18 ) Table 1 summarizes the typical synthesis conditions of DDR. The synthesis of DDR by conventional hydrothermal methods often takes over a month because of the slow nucleation. Seed particles are commonly used to accelerate synthesis 16) ,18),19),22),24),25),29),31), 32) and fabricate DDR membranes. 10 ),17),20),21),23), 33) Fluorine (F ¹ ions) has also been used to enhance the crystallization of DDR.
5),7),20),22),29), 30) More recently, the synthesis time has been significantly reduced by employing ultrasonic irradiation 20) ,21),26)28) or microwave irradiation. 29) In contrast, the acceleration of seed-free DDR synthesis simply by modifying the precursor compositions and hydrothermal conditions still remains a challenge. The hydrothermal temperatures of earlier reports were typically at or below 180°C to avoid the formation of dodecasil 1H (DOH), 36) whereas several studies have succeeded in synthesizing singlephase DDR at or above 200°C in several days. 11),12), 30) The role of ethylenediamine (en), originally used to facilitate the hydrolysis of tetramethoxysilane (TMOS), 2) is also unclear. In earlier studies DDR particles of various shapes, including rhombohedral, 1),2),6),13),19),23)25),29),31), 33) truncated square bipyramid, 19) , 28) hexagonal prism, 25) and hexagonal plate-like 25) ,30),37) forms, have been observed. Little study has been directed, however, to the relation between the morphology and synthesis conditions or to the crystallographic orientation of the resultant particles.
The purpose of the present study is to explore the seedfree synthesis of DDR with essential reagents, i.e., water, silica source (fumed silica), and SDA, and examine the properties of the resultant samples.
Experimental procedure
1-adamantanamine (Tokyo Chemical Industry) was dispersed in water and stirred for 20 min. Hydrofluoric acid or ammonium fluoride was added as needed and stirred for 15 min when one of these compounds was introduced. Finally, 10 mmol of fumed silica (175225 m 2 g ¹1 , Aldrich) was added and stirred for another 60 min to form a mixture with an SiO 2 :H 2 O:1-adamantanamine:HF:NH 4 F molar ratio of 1:x:y:z HF :z NH4F . A pH test paper (pH 114, Johnson Test Papers) was used to examine pH of the precursor mixture. The mixture was sealed in a Teflon- (left) Crystal structure of DDR drawn using the structure parameters reported in Ref. 34 and VESTA, 35) viewed along the [11 20] Kajihara et al.: Seed-free hydrothermal synthesis of all-silica deca-dodecasil 3R with essential reagents JCS-Japan lined autoclave (HU-25, Sanai-Kagaku) and heated at 160200°C up to 20 d in an oven without stirring. Prior to the synthesis the Teflon container in the autoclave was cleaned with ³20 wt % hydrofluoric acid for several days at room temperature to avoid the memory effect of the nucleation. 22) The product was washed with water and dried at 100°C. The resultant uncrushed particles were observed by an optical microscope (IX7, Olympus, ©5, NA 0.13) and a scanning electron microscope (SEM; JSM-6490A, JEOL). The crystallographic orientations of the hexagonal and rhombohedral particles were determined by X-ray diffraction (XRD) using multipurpose (RINT-TTR III, Rigaku) and single-crystal (XtaLAB Synergy-S with CrysAlis Pro , Rigaku) diffractometers, respectively. Crushed samples were characterized by a conventional powder diffractometer (RINT Ultima II, Rigaku). All XRD measurements were performed with Cu K¡ radiation. High-resolution nitrogen adsorptiondesorption isotherms were measured (BELSORP-max, MicrotracBEL) after removal of 1-adamantanamine by heat treatment for 24 h at 700°C in O 2 . Figure 2 shows powder XRD patterns of samples prepared at the amounts of water of x = 30, 50, and 100 and the amounts of 1-adamantanamine of y = 0.15 and 0.30. Optical microscope images of these samples are shown in Fig. 3 . The yield of DDR was ³100%. Although these samples exhibited similar XRD patterns, their particle morphologies were significantly different. At y = 0.30 rhombohedral particles, which are the typical forms of DDR, were obtained. At y = 0.15, in contrast, star-like particles, which have not been reported so far, became dominant. The average particle size was smaller at y = 0.30 than at y = 0.15, and decreased notably with an increase in x at y = 0.30. Figure 4 shows the effect of x on the growth rate of DDR at y = 0.30. The growth of DDR took 20 d at x = 30 whereas it was completed in 15 d at x = 100.
Results
The effect of the fluorinated additives, HF or NH 4 F, on the formation of DDR was examined at x = 100 and y = 0.30. Powder XRD patterns and optical microscope images of these samples are shown in Figs. 5 and 6, respectively. At z HF ² 0.3 or z NH4F ² 0.5, the formation of DDR was not completed in 20 d. With an increase in z HF or z NH4F the particle morphology changed in the order of rhombohedral, star-like, and hexagonal plate-like forms and the thickness decreased. At the same time, the pH of precursor mixture decreased as listed in Table 2 . The JCS-Japan growth of DDR slowed notably when pH decreased below 8, and HF decreased pH more markedly than NH 4 F. 20 reflections of a star-like particle prepared at 160°C with x = 100, y = 0.15, and z HF = z NH4 = 0. Both the 11 20 and 30 30 reflections exhibited six-fold symmetry, confirming that the hexagram on the particle is the {0001} face. The first 11 20 and 30 30 reflections were observed at º = 36.7 « 1°and 11.3 « 1°, respectively, where uncertainty originated mainly from the positioning of the sample on the holder. The º angle of the first 30 30 reflection was nearly equal to its ª» angle (11.2°). In contrast, the º angle of the first 11 20 reflection was nearly equal to its ª» angle (6.4°) plus 30°. Thus, the {30 30} planes are parallel to the edges of the triangles in the hexagram, and the {11 20} planes are parallel to the edges of the hexagon defined by the six vertices of the hexagram. Figure 9 (b) shows similar in-plane rocking curves of a plate-like particle prepared at 200°C with x = 100, y = 0.30, and z HF = z NH4 = 0. An analysis similar to the one presented in Fig. 9 (a) revealed that the hexagonal edges of the {0001} faces of the particle were parallel to the {30 30} planes. Figure 10 summarizes the SEM images and morphologies of various types of particles. Observations with a singlecrystal diffractometer assigned the crystal faces of the rhombohedral particle to the {10 11} faces. The crystal faces of the star-like and plate-like particles were determined based on the XRD observations shown in Fig. 9 and SEM images. Figure 11 shows high-resolution nitrogen adsorption desorption isotherms of samples prepared at x = 100, y = 0.30, and z HF = z NH4 = 0. In all uncrushed samples adsorption and desorption took place only at relative pressures (p/p 0 ) below 0.1 and hysteresis was absent. Such isotherms are typical of microporous materials free from mesopores and macropores. The micropore volumes calculated using the volume adsorbed at p/p 0 = 0.9, the density of liquid nitrogen (0.8084 g cm ¹3 ), and the volume of nitrogen gas at STP (22.7 ) particles. Each inset shows a top view of particle at º = 0°. An X-ray beam (h¯) was irradiated from the left side and the particle was rotated clockwise during the º scan. 
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Teller (BET) method 40) were ³380, ³334, and ³322 m 2 g ¹1 , respectively. These values were mostly due to the micropore surfaces because the contribution of outer surfaces is negligibly small for macroscopic particles as shown in Figs. 3 and 8 (0.3 and 3 m 2 g ¹1 for dense spheres with diameters of 10 and 1¯m, respectively, at a density of 2 g cm
¹3
). All isotherms exhibited two adsorption steps at p/p 0 ' 10 ¹5.5 (3 © 10 ¹6 ) and 10 ¹1.5 (0.03). In the sample crushed prior to the measurement an additional step due to adsorption in the interparticle voids appeared at p/p 0 > 0.9, whereas the micropore volume (³0.123 cm 3 g ¹1 ) and BET surface area (³234 m 2 g
¹1
) were smaller than those of the uncrushed sample. An adsorption step like that at p/p 0 > 0.9 was also observed for crushed seed particles, 24) and should be excluded to avoid the overestimation of the micropore volume.
Discussion
The main reason for the slow formation of DDR is slow nucleation. This is confirmed by the observation that seed particles significantly accelerate the formation of DDR. The synthesis of DDR can be promoted in two ways. One way is to enhance nucleation. This usually leads to a decrease in average particle size because the amount of silica source consumed per particle decreases. The other way is to increase growth rate under slow nucleation conditions. In this case, average particle size becomes large.
This study demonstrates the synthesis of DDR in a relatively short time (³515 d) from only essential reagents, i.e., water, silica source (fumed silica), and SDA (1-adamantanamine), without the use of seed particles, additives, or other special treatments. Figure 3 shows that the variations in particle size and shape with the amounts of water, x, and 1-adamantanamine, y. In as-prepared DDR crystals each [4 1) The stoichiometric y value required to satisfy the composition is y = 0.05. The actual y value in this study was larger than 0.05 because 1-adamantanamine also acted as a base for enhancing the dissolution and precipitation of SiO 2 .
The particle size of DDR decreased when y was increased from 0.15 to 0.30 and rhombohedral particles were obtained dominantly. This is attributed to the enhancement of nucleation, probably because of an increase in the concentration of SDA. Nucleation was also enhanced by increasing x from 30 to 100 at y = 0.30. The dissociation of a base B with a dissociation constant K b is given by
where ¢ is the degree of dissociation and c is the initial concentration of B. Although the K b value at room temperature may be different from that at the synthesis temperature, in such concentrated base solutions the solution of the equation
Þ=2c universally predicts small ¢ values and a notable increase in ¢ along with a decrease in c.
41) Thus, the enhancement of nucleation can be explained by increases in the basicity and volume of the solvent phase, both of which increase the total amount of dissolved silica. The reduction of synthesis time from 20 d to 15 d (Fig. 4) is due to increases in the number of particles and the total consumption rate of the silica source. The small particle size indicates reductions in the amount of silica source consumed per particle and growth rate. Thus, we suggest that the rhombohedral particles are formed when crystal growth is slow.
The star-like particles were always larger than the rhombohedral particles (Fig. 3) . Such large particles are probably formed by slow nucleation followed by fast crystal growth. Twinning becomes significant at higher growth rates. Indeed, the close similarity between the SEM image and morphology shown in Fig. 10(b) indicates that penetration twinning is responsible for the formation of the star-like particle. The plate-like particle shown in Fig. 10(c) would also be formed by penetration twinning rather than contact twinning because small bumps, whose shapes are similar to those of the star-like particles, are seen at the side of the particle. In addition, both particles have the {10
10} faces and exhibit same hexagonal orientations, suggesting that the morphology change from the star-like to plate-like forms is caused simply by the hindrance of growth along the [0001] direction. The twinning of DDR has been analyzed in detail and described by second-degree twinning characterized by the quadrichomatric twin point group (6 (2) 
. 34) Figures 5 and 6 show that the formation of DDR was suppressed at high HF or NH 4 F concentrations. At z HF ² 0.3 DDR was not formed in 20 d. Under these conditions z HF is equal to or larger than y and all 1-adamantanamine molecules are neutralized with HF. Indeed, the precursor mixture suddenly turned acidic at z HF = 0.3 (Table 1 ) and this would be responsible for the suppression of DDR formation. The effect of NH 4 F on pH was weaker than that of HF and DDR was formed at z NH4F ² 0.3. The addition of HF and NH 4 F caused a distinct change in morphology from the rhombohedral to star-like or hexagonal plate-like forms along with a reduction in thickness. This change in morphology is also explained by slow nucleation and fast crystal growth. This observation is consistent with the fact that F ¹ ion is a mineralizer that increases the solubility of silica precursors and decreases the degree of supersaturation. Figures 3 and 8 show that an increase in hydrothermal temperature from 160 to 200°C caused a considerable increase in particle size and a change in morphology to the hexagonal plate-like form. This morphology change is probably the consequence of an increase in the solubility of silica precursors and a resultant suppression of nucleation. This is similar to the morphology change with fluorine addition shown in Fig. 6 and the thinning of particles derived from H 2 SiF 6 at high temperatures. 30) These results imply that the {0001} faces are relatively inert and that growth along the [0001] direction is suppressed when the dissolution and precipitation become significant.
The increase in the hydrothermal temperature from 160 to 200°C enabled a significant reduction of the synthesis time from 15 to 5 d. However, the micropore volume decreased by ³13%. The microporous channels consisting cages are parallel to the {0001} planes and there are no openings (8-memberd rings) on the {0001} faces. Thus, the average surface density of the openings decreases in the order of the rhombohedral, starlike, and hexagonal plate-like forms. Nevertheless, this is probably irrelevant to the micropore volume because the micropore volume decreased with crushing of the platelike particles synthesized at 200°C and increasing of the surface density of the openings (Fig. 11) . The most probable reason for the smaller micropore volume in the hexagonal plate-like particles is twinning. In DDR, the layers of the [5 12 ] cages are stacked along the [0001] direction in an ABCABC sequence and these layers sandwich the microporous channels of the [ ], and [5 12 6 2 ] cages, where the largest opening is the 7-membered rings, and the adsorption of N 2 molecules in these cages is thus difficult. In addition, penetration twinning introduces twin boundaries across the microporous channels. These twin boundaries can disturb the connectivity of microporous channels, and the twin density would be larger at higher growth rates. Thus, the reduction of growth rate is crucial for suppressing twinning and obtaining rhombohedral DDR particles free from inaccessible microporous channels. The rhombohedral particles are the most suitable for adsorption applications because the crystal faces are formed by the {10 11} planes (Figs. 1  and 10 ), where the surface density of the 8-membered rings is the largest.
The analysis of the isotherm shown in Fig. 11 by the Grand Canonical Monte Carlo (GCMC) simulation method with BELSim software indicated that the first adsorption step at p/p 0 ' 3 © 10 ¹6 is due to micropores with a diameter of ³0.5 nm. This value agrees with the size of the ] cages. The second adsorption step at p/p 0 ' 0.03 was not influenced by the crushing of sample and should be intrinsic. A possible origin of this step is the densification of the adsorbate (N 2 ) phase in the channels, which is similar to the transition from the fluid-like to crystalline-like phases observed in silica-rich ZSM-5 (MFI) at p/p 0 ' 0.15. The increases in volume adsorbed at this step were ³20, ³22, and ³23% for the uncrushed samples prepared at 160, 180, and 200°C, respectively, and ³27% for the crushed sample prepared at 200°C. These values are similar to the value observed for MFI (³1525% 46)49) ), supporting the assignment of the step to the densification of N 2 molecules.
Conclusions
Seed-free hydrothermal synthesis of DDR was conducted with 1-adamantanamine employed as the organic structure-directing agent. Essential reagents, i.e., silica source (fumed silica), water, and 1-adamantanamine, were sufficient to obtain DDR in 1520 d at 160°C, faster than the earlier seed-free hydrothermal synthesis at the same temperature without special treatments, such as microwave or ultrasonic irradiation. Nucleation is enhanced at a high water to silica ratio, making it possible to obtain DDR particles with a small and regular rhombohedral form while reducing synthesis time. The incorporation of HF or NH 4 F increased the particle size and changed the morphology to star-like and hexagonal plate-like forms. This variation is attributed to the suppressions of nucleation and growth along the [0001] direction. Similar changes in the particle size and morphology were observed when raising hydrothermal temperature. At higher hydrothermal temperatures the synthesis of DDR was faster, whereas micropore volume was smaller, probably because of the enhancement of twinning. Nitrogen adsorption into the microporous channels of DDR exhibited two adsorption steps at relative pressures of ³3 © 10 ¹6 and ³0.03. The former step corresponds to the initial adsorption in micropores and the latter step is attributed to the densification of the adsorbate phase from fluid-like to crystalline-like phases.
